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We have observed marked transport anisotropy in short period {a— 92 nm) unidirectional lateral 
superlattices around filling factors //=5/2 and 7/2: magnetoresistance shows a sharp peak for current 
along the modulation grating while a dip appears for current across the grating. By altering the ratio 
a/l (with l=^U/eB±_ the magnetic length) via changing the electron density rie, it is shown that 
the i^=5/2 anisotropic features appear in the range 6.6<a//<7.2 varying their intensities, becoming 
most conspicuous at a/Z~6.7. The peak/dip broadens with temperature roughly preserving its 
height/depth up to 250 mK. Tilt experiments reveal that the structures are slightly enhanced by 
an in-plane magnetic field By perpendicular to the grating but are almost completely destroyed by 
-By parallel to the grating. The observations suggest the stabilization of a unidirectional charge- 
density-wave or stripe phase by weak external periodic modulation at the second Landau level. 



PACS numbers: 73.43.Qt, 73.43.Nq, 73.23.-b 

It has been known for some time that the second 
(A^=l) Landau level (LL) exhibits enigmatic eveajde- 
nominator fractional quantum Hall effect (FQHE)EI0 at 
half-filling (filling factors i/=5/2 and 7/2). Interestingly, 
the state at these filling factors is qualitatively differ- 
ent either from that for the lowest (A^=0) or for the 
higher (A^>2) LL's. The state at the half-filled lowest LL 
(1^=1/2, 3/2) is now well established, to be described by 
the Fermi sea of composite FermionsE On the other hand, 
the ground state of higher LL's near half-filling is pre- 
dicted to be a unidirectional charge-density-waiteiCDW) 
or stripe phase by Hartree-Fock calculations JSqIj which, 
has been supported by a number of recent theories .lalZI'El 
Experimentally, ultrahigh mobility (/Lt^lOOO m'^/Vs) two- 
dimensional electron gas (2DEG) at low temperatures 
(r< 150 mK) displays strong transport anisotropy at 
1^=9/2, 11/2, ISp^ji,.., between (110) and (iTO) axes of 
the host crystal.aE3 It is now widely believed that the 
transport anisotropy is related to CDW phase, although 
the key factor connecting the iS^ppe and the crystal axes 
still remains to be uncovered 

Returning back to the second LL, v~b/2 (and 7/2) 
FQHE is known to be quite fragile, having a small acti- 
vation energy gap, observable only for 2DEG with rea- 
sonaijhLldgh mobility at very low temperatures (T^IOQ 
mK)EE3o and to collapse in tilted magnetic fields£3't£l 
Moreover, it has recently been reported that an in-plane 
magnetic field B\\ turns the isotropic FQHE state into 
an anisotropic state similar to those observed at higher 
LL's, with cu rre nt parallel to _B|| giving the resistiv- 
ity maxima.E^EZl The role played by B\\ in the drastic 
transition of the v—h/2 and 7/2 states is not exactly 
established yet. The most probable picture however 
seems to be alteiatiDn by B\\ of Haldane's pseudopoten- 
tial components. EaO (Zeeman effect has been experimpi- 
tally shown to make only small, if any, contribution.Ej) 
Whatever the role may be, the effect of on 2DEG 
is generally believed to be not so large. Therefore the 



two states are expected to have only small energy differ- 
ence. (Two-dimensional hole systenx^xhibits anisotropic 
transport at v=b/2 without tilting,EJ demonstrating the 
subtleness of the difference.) This in turn suggests the 
possibility of an alternative way to the transition. 

The period acow of CDW is theoretically predicted 
to be about 4—8 times the magnetiC|Jengl|h_Z = yhJeWZ 
depending on the Landau index /V n rlP4P^ In the mag- 
netic field range of interest, acDW— 30—150 nm. If 
a 2DEG has a tendency toward spontaneously forming 
CDW with a period ocdWj it will undoubtedly show 
strong response to the external modulation having a pe- 
riod close to acDW-Q Along the same line of thought, we 
investigated the behavior around ^—9/2 of unidirectional 
latepaJ superlattices (LSL) with periods a=92 and 115 
nm.cfl We identified small anisotropic features in mag- 
netoresistance traces, which possibly reflect the response 
of CDW to the modulation. However the observed fea- 
tures were too small to be decisive. In the present pa- 
per, we focus on the second LL. We report qualitatively 
similar, but much more intense, anisotropic features at 
1^=5/2 (and 7/2) for a=92 nm LSL (see, e.g., Fig. g). 
We have also observed sharp peaks at higher LL's up to 
j^=25/2 for current along the grating (qualitatively sim- 
ilar as regard the direction of the current and grating), 
which will be reported in detail elsewhere. In the case of 
the iV = 1 LL, the expected role of external modulation 
is two-fold: to make the anisotr-epic state energetically fa- 
vorable than the isotropic stateEj — the role played by 
in the case of ultrahigh mobility plain 2DEG — , and to 
assist the CDW to form and/or align itself, which would 
otherwise be obstructed by the impurities in moderate- 
mobility 2DEG. The observation of anisotropic transport 
features suggests that the external modulation do play 
the expected roles. The [Observed peaks/dips are much 
more distinct than beforecil due presumably to optimiza- 
tion of the ratio a/l and also to the expansion of energy 
scale by larger magnetic field. Two new attempts are 
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FIG. 1: Magnetoresistance traces between v=2 and 3 for three 
temperatures. ne=2.20xl0^"' m~^. The direction of current 
is along (top) or across (bottom) the grating. Upper inset: 
peaks plotted against after background subtraction. Bot- 
tom inset: schematic illustration of the sample. 



made in the present study: (1) samples with square ge- 
ometry are used instead of Hall bars and (2) the ratio 
a/l=a^2'Kne/v for a given v is tuned by varying the 
electron density rig through infrared LED illumination. 
Square geometry has an advantage of allowing measure- 
ment of anisotropy within a single LSL sample. This is 
quite important since it is nearly impossible to prepare 
two exactly identical IJaJl bars differing only in the ori- 
entation of the grating;0 the smallest disparity in rig can 
deteriorate the strict comparison. To achieve maximum 
response, it is desirable to make a as close to ocdw as 
possible. Since a is fixed once a sample is prepared, we 
tuned l—^ V l^'KUf, instead, to which acDW is predicted 
to be related. 

The lower inset of Fig. |l| depicts the schematic of 
the sample. A square mesa (40x40 /im^) with eight 
arms (width 4 \xm) is lithographically defined out of 
conventional GaAs/AlGaAs single heterostructure 2DEG 
(^~75 m^/Vs and ne~l. 97x10^^ m~^ before illumi- 
nation). A grating (a=92 nm) of electron-beam re- 
sist was placed on the square to introduce potential 
modulatioBj-through strain-induced piezoelectric effect as 
beforeBil^E£lEZl The modulation amplitude is estimated 
from the low-field commensucability magnetoresistance 
oscillation to be ~0.0I5 meV33 which is quite small but 
still much larger than the native anisotropy energy of ~1 
mK po^ electron estimated in ultrahigh mobility plain 
2DEG.y It can readily be seen that /15-V24 or /is-Vse 
(/37-V28 or /37-V46) mainly measures resistivity compo- 




FIG. 2: Magnetoresistance traces between v=2 and 3 for var- 
ious tilt angles at the base temperature. ne=2.20x 10^^ m~^. 
Current is along the grating. Field is tilted toward the di- 
rection perpendicular (left) or parallel (right) to the grating. 
Insets show peaks plotted against a/l=a^JeB±/h after back- 
ground subtraction. 



nent parallel (perpendicular) to the grating, where hj- 
Vki denotes the probe configuration using arms i,j as 
source/drain and k,l as voltage probes. It has been 
pointed out that the square geometer-exaggerates the 
anisotropy due to current-path effect£3'E3 However, since 
it is not our purpose to quantify the anisotropy, the prop- 
erty is rather advantageous bringing small anisotropy 
into light. The grating is placed with their stripes paral- 
lel either to (110) or tp-.(110) axis in order to maximize 
the piezoelectric effect .EJ Although we mainly discuss the 
former arrangement in the following, pbpth directions of 
the grating give the consistent resultS confirming that 
the transport is ruled by the external modulation, and 
the crystallographic axes do not play major role. 

The main panels of Fig. show magnetoresistance 
traces between i/=2 and 3 at three different temperatures 
from our base temperature ('^20 mK) up to 250 mK. The 
traces are taken after slight illumination (ne=2.20x 10^^ 
m~^). Near v=5/2, a sharp peak is observed for current 
parallel to the grating, which is replaced by a dip for 
the perpendicular current. The peak/dip broadens with 
temperature almost symmetrically in B^^ hence in u (see 
the upper inset), but their height/depth does not change 
very much in the measured temperature range. The mea- 
surements were done by ordinary ac (13 Hz) lock-in tech- 
nique. The peak/dip was rather insensitive also to the 
measurement current in the range 7=1-20 nA, although 
peak broadening attributable to the heating was seen for 
larger currents. Measurements with 1=2 or 5 nA are 
shown throughout this paper where broadening was al- 
most negligible. The temperature dependence is quite 
dissimilar from that of ultrahigh mobility plain 2DEG: 
in the latter, the peak height strongly depends on the 
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temperature but the width is almost temperature insen- 
sitive, and the anisotropy vanishes at the temperature as 
low as 150 mKBllJ Moreover, the width of our peak/dip 
is much narrower (Aj/fwhm— 0.007 at the lowest temper- 
ature and ~0.024 even at 250 mK), accounting for only 
small fraction of the region between two successive inte- 
ger QHE, while in ultrahigh mobility plain 2DEG, the 
peak spans major part of the region (Ai^pwHM— 0.3-0.4). 
In a nutshell, our anisotropy occurs only when much sev- 
erer condition for v (or a/l) is met, but once it takes 
place, it is much more robust. The robustness of the ob- 
served anisotropic features against temperature and also 
against impurities does not in itself defy the interpreta- 
tion by CDW. We believe low temperature and extremely 
high mobility are required for plain 2DEGs in order for 
the very small built-in anisotropy of unknown origin to 
be operative. In fact, theories predict rather high 1 
K) onset temperature of the anisotropic transport (with 
sufficient anisotropy energy) J£3 or melting temperatU|6e| 
for CDW even in the presence of rather large disorder .E^ 

The first step toward interpreting the observed trans- 
port anisotropy in terms of unidirectional CDW or stripe 
would be to specify the orientation of the stripe. How- 
ever, this turns out to be not straightforward. Intuitively 
one would expect (i) the stripe aligns with the external 
modulation, and (ii) the low resistivity axis is along the 
stripe. This implies a dip for current along the grating in 
contradiction to the observation, suggesting hhat .either 
(i) or (ii) is incorrect. Recent calculationsE3HL3 show 
that for external modulation with a period much larger 
than acDW: the stripe tends to orient itself orthogonal 
to the external modulation. This counterintuitive pre- 
diction challenges the firmness of (i). Wc believe, how- 
ever, the period a of our modulation is close to acDW. 
The expectation (ii) is generally believed to be valid in 
the interpretation of experimental data on ultrahigh mo- 
bility plain 2DEG. However, it is based on the assump- 
tion that the CDW is pinned by impurities aHdi-that the 
current is mainly carried by the stripe edgeJ2al23 which 
probably requires to be examined more carefully. In ad- 
dition, the situation may be different between our LSL 
and ultrahigh mobility plain 2DEG. 

To gain more insight into the orientation of the stripe, 
the behavior of the peak/dip under tilted magnetic fields 
is investigated. Fig. ^ shows traces for current along the 
grating. By the tilt, B\\ is introduced either perpendicu- 
lar (left) or parallel (right) to the grating. As highlighted 
in the insets, the effect of B\\ perpendicular to the grat- 
ing is small, slightly enhancing the peak height, while the 
parallel B\\ profoundly affect the peak, almost destroys 
the peak by 0=60°, shifting it to higher B±. For cur- 
rent across the grating (not shown), basically the same 
trend is observed with a peak replaced by a dip. The 
effect of B\\ Wiit*^ stripe is theoretically calculated to be 
quite subtle:E3a for 2DEG with small enough thickness 
(^ 6 nm), the stripe prefers to be oriented perpendic- 
ular to but the trend is reversed for thicker 2DEG. 
The theories are consistent with experiments on ultrahigh 
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FIG. 3: Evolution with of the region between u=2 and 3 
plotted against a/l. Current is along (left) or across (right) 
the grating, rie's are increased step by step by successive LED 
illumination, and are (in lO^'^ m'^) d: 1.97, al: 2.11, a2: 2.16, 
a3: 2.20, a4: 2.22, a5: 2.24, a6: 2.26, a7: 2.29, a8: 2.42, a9: 
2.44, alO: 2.55, all: 2.60, al2: 2.71, alS, 2.77, al4: 2.84, 
determined from low-field Hall resistance.^ 



rnnbility nlfliri 2DEG, if One assumes the aforementioned 
(ii) .ll^O'Lj Our 2DEG is expected to be thinner than ul- 
trahigh mobility 2DEG owing to higher concentration 
of unintentionally doped acceptors in the GaAs chan- 
nel of our triangular confinement potential. In fact, a 
self-consistent calculation for ne=2.2x 10^^ m~^ and esti- 
mated acceptor concentration iV^=1.5xlO^° m~^ shows 
rms thickness of 4.8 nm. This means, according to the 
theories, our stripe prefers to be oriented perpendicular 
to B\\ , which in turn suggests, in conjunction with Fig. |^, 
(i) mentioned above is valid and (ii) must be discarded. 
Considering the subtleness of thickness dependence of the 
calculated anisotropy energy, apparently more pieces of 
information are necessary to be more decisive. 

As mentioned earlier, LED illumination is employed to 
vary and hence the ratio a/l. ne is, varied step by step 
over the range 1.97-2.84x 10^^ m^^.Ej Magnetoresistance 
traces between v=2 and 3 are displayed in Fig. |3[ for 
both current directions. The anisotropic features appear 
in a narrow Ue range: they are observed only in traces 
from al to a7 (ne=2. 11-2. 29x10^^ m~^), and traces d 
and aS to al4 are featureless. In trace al very small 
structures begin to emerge, followed by the most con- 
spicuous peak/dip at a/Z~6.7 in trace a2. The peak/dip 
shifts to higher field (a/Z~6.8) and at the same time be- 
comes smaller in trace a3, and starts to split preserving 
its position at trace a4, splits into several peaks/dips and 
becomes complicated in traces a5 and a6. Finally in trace 
a7, the dip and peak interchange their positions: a dip 
(peak) appears in the ttace with current along (across) 
the grating at a/^~7.0Jlj In terms of the peaks/jdips 
move in a non-monotonic way around ^=5/2±0.1.l£I 

The observation that the peak/dip is most prominent 
at a/^~6.7 suggests that 6.7/ represents a certain op- 
timum length scale of the 2DEG. The simplest idea 
is to identify 6.7/ with ocdw. However, theoretically 
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estimatjeji.acDW=4-443/ for N=l LL of zero-thickness 
2DEGc3o is much smaher. Inclusion of the effect of fi- 
nite thickness will presumably make the estimate larger 
by softening the short range repulsive force, but at 
present we are not sure whetheij_t.he present discrepancy 
is reconciled with this inclusion.EJ Since 6.71 is very close 
to 1.5x4.443/=6.66Z, another possibility arises that the 
observed "resonance" signifies a=1.5acDW- In that con- 
dition, external modulation provides 2DEG with wave 
vector commensurate to the CDW and at the same time 
every other minimum in the potential modulation expe- 
riences the maximum and the minimum of charge den- 
sity, respectively, which will make translational motion 
of CDW easier. Since, as mentioned earlier, our tilted- 
field experiment favors the alignment of the stripe paral- 
lel to the grating, sliding motion of the stripe is consis- 
tent with a resistivity minimum for the current across the 
grating. The insensitiveness to the measurement current 
suggests the lack in our case of the nonlinear I-V chaija 
acteristics observed in ultrahigh mobility plain 2DEGs,lI 
which is also consistent with the picture that the CDW 
is not pinned. However, this sliding motion picture is no 
more than a crude speculation at present. Away from the 
"resonant" condition, the peak/dip probably try to sur- 
vive making compromise among the optimum conditions 
for a/l, V and so forth. On an occasion when multi- 
ple conditions come closer in energy together, splitting 
may result. The interchange in trace a7 of the peak 
and dip implies, if one assumes one-to-one correspon- 
dence between appearance of peak/dip and the orien- 
tation of the stripe, thepatppe has turned its direction 
around. A recent theoryEjO suggests the possibility of 
such turnaround. Since the orientation of the stripe is 



expected to be reflected in its response to we have 
conducted tilt experiment also for a7. For B\\ parallel to 
the grating (to be compared with the right panel in Fig. 
H), the dip/peak is observed to be more robust, consis- 
tent with the turnaround. Owing to the smallness of the 
observed features that makes quantitative evaluation dif- 
ficult, however, it seems to be going too far to take this 
as evidence of the turnaround. 

Around i^=7/2, similar peaks/dips are observed, al- 
though with much less distinctness, over the entire range 
of rie available in the present experimental setup. The 
behavior is rather complicated to allow simple analysis. 

To summarize, we have observed anisotropic features 
around z/=5/2 (and 7/2) in 2DEG subjected to weak ex- 
ternal modulation having a period comparable to the the- 
oretically calculated period acow- The advantage of the 
present study is that the source of the anisotropy is well- 
defined. Nevertheless the interpretation of the transport 
anisotropy in terms of CDW requires further study. 
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